Formation of eicosanoids has been implicated in the pathological changes that follow brain injuries. In the present study, we used a microdialysis probe to both induce acute penetration injury and also sample extracel lular fluid concentrations of eicosanoids. Formation of prostaglandin (PG) D2, PGF2a, and thromboxane B2 was highest in the first hour following introduction of the probe into rat striatum. In contrast, the level of PGE2 was
Local production of eicosanoids has been impli cated as an important component in the changes in cerebral blood flow, local cortical glucose utiliza tion, and cerebral edema that result from experi mental brain injuries such as freezing lesions (Koenig et al., 1989; Pappius, 1981 ; Pappius and Wolfe, 1983a) , arterial occlusion (Gaudet and Levine, 1980) , and subarachnoid hemorrhage (Walker et aI., 1983) . Elevated eicosanoid levels have been noted in cerebrospinal fluid of humans following various brain injuries (Egg et aI., 1980; Ellis et aI., 1981; La Torre et aI., 1974; Westcott et aI., 1987) . One of the first events to occur in the injury process is the disruption of cell membranes with a concomitant release of fatty acids (Bazan, 1970; Pappius and Wolfe, 1983a,b) . Studies have demonstrated that pretreatment with drugs that in hibit either the release of fatty acids or the subse quent metabolism of arachidonic acid to the ei cosanoids can significantly attenuate the resultant highest during the sixth hour of collection, while 6-keto-PGF,a remained stable throughout the sampling period. We conclude that in vivo microdialysis may be useful in the evaluation of the time course of the effects of acute penetration injury of the brain on the local pro duction of eicosanoids. Key Words: Brain injury Eicosanoids-Microdialysis. depression in local cortical glucose utilization (Pap pius and Wolfe, 1983b) and increased permeability of the blood-brain barrier (Koenig et aI., 1989 ) that occur in experimental freezing injuries. On the other hand, Pappius and co-workers have shown that prostaglandin (PG) synthesis inhibitors do not aff ect the extent of cerebral edema following freez ing injury (Pappius and Wolfe, 1983b) .
Any physical stimulation of the nervous system tissue, including the sampling process, can lead to the production of eicosanoids in quantities far greater than are expected physiologically (Wolfe et aI., 1976) . Therefore, assessment of the tissue levels of these compounds in vivo in an animal model fol lowing an injury requires that enzymatic processes be terminated rapidly following death, as is accom plished by rapid freezing in liquid nitrogen (e.g., Pappius, 1981) . Alternatively, cerebrospinal fluid levels can be measured as an index of brain ei cosanoid concentrations (e.g., Westcott et aI., 1987) . While measurements of tissue levels do not allow time course determinations in a given animal, site specificity is lost in sampling cerebrospinal fluid.
Microdialysis is an alternative method for sam pling the brain extracellular fluid that has been ap-plied to the measurement of neurotransmitters and certain amino acids [for reviews see Westerink et al. (1987) and Benveniste (1989) ]. In the present study we have combined the injury and sampling process using an in vivo microdialysis probe to both induce acute penetration injury and also sample the extracellular fluid concentrations of the ei cosanoids. The time course of eicosanoid produc tion at the site of injury is thereby preserved.
METHODS
Microdialysis probes were of radial design with an outer barrel (inflow) of 24-G hypodermic tubing and an inner barrel (outflow) of 170-f.Lm outer diameter fused sil ica tubing. A dialysis membrane of polyacrylonitrile (Hospal, Meyzieu, France), with a molecular weight cut off of 40,000 daltons and an exposed length of 4 mm, was attached to the hypodermic tubing. The probe was per fused at 2 f.Ll/min with Ringer's solution. The in vitro re coveries were determined immediately prior to use using standard solutions of [3H]PGE2 dissolved in Ringer's so lution.
Four male Sprague-Dawley rats (300-350 g) were stud ied on separate days. Rats were anesthetized by an intra peritoneal injection of sodium pentobarbital (65 mg/kg), enclosed in a styrofoam box, and placed in a stereotaxic frame (Kopf series 900). Supplementary doses of sodium pentobarbital were used to maintain anesthesia. A 2-mm burr hole was drilled through the skull and the microdi alysis probe inserted into the striatum (coordinates: 2.5 mm lateral, -0. 5 mm dorsal-ventral (DV), with the probe tip 7 mm below the surface of the brain). Sample collection into I-ml Eppendorf tubes was begun after flushing of the dead space (4 f.Ll) and continued for 6 h.
PGE2, PGD2, PGF2a, 6-keto-PGF1a, and thromboxane (Tx) B2, the latter two being the stable products of pros tacyclin and TxA2, were determined by gas chromatog raphy/mass spectrometry. Sample cleanup and derivati zation were accomplished with slight modification of pre viously described methods (Yergey et aI., 1989) . Briefly, tetradeuterated internal standards were added to the aqueous samples, which were then treated to produce the N-methoxime of the ketone-containing eicosanoids, ex tracted with CI8 solid-phase cartridges using gravity flow, derivatized to the pentafluorobenzyl ester, trimethylsilyl ether, and dissolved in a final volume of 10 f.LI dodecane. All drying steps were accomplished using a rotary vac uum evaporator. Samples were injected into the gas chro matograph using hot on-column injection at 21SOC, the oven heated at 50°C/min to 315°C, and the eicosanoids eluted in 3-4 min. The mass spectrometer was operated in negative electron-capture ionization mode and set to switch between the predominant [M-PFBl � ion in the spectrum of each eicosanoid using selected-ion monitor ing. The use of hot on-column injection provided suffi cient separation in the 4-min experiment to completely resolve TxB2 and 6-keto-PGFla at m/z 614.37, as well as the major isomeric derivatives of PGD2 and PGE2 at m/z 524.35. The separation achieved was also sufficient (data not shown) to completely resolve the earlier eluting 9cx,1l13 and 913,llcx forms of PGF2 from the 9cx,llcx form that was quantified. The limit of quantification for the assay is 3 pg eicosanoid/sample, where 2 f.LI from a 1O-f.LI J Cereb Blood Flow Metab, Vol. 10, No. 1, 1990 final volume was injected. Results are presented as means ± SEM. Statistical analyses using a one-way analysis of variance and Dunnett's t test were performed, and values with p < 0.01 are reported as significant.
RESULTS
An example of the separation and quantification of the eicosanoids in the perfusate from in vivo mi crodialysis of the rat striatum is shown in Fig. 1 . In vitro microdialysis probe recoveries for eH]PGE2 varied from 15 to 20% for the four probes used in this study. All five eicosanoids were quantifiable fo llowing insertion of the microdialysis probe into the rat striatum, as summarized in Table 1 , with levels ranging from 15 to 432 pg/l-h sample. Signif The results demonstrate that tissue damage, in duced by insertion of a microdialysis probe into the rat striatum, resulted in higher levels of PGD2, PGF2<x, and TxB2, but not PGE2 or 6-keto-PGFI<x, 1. Selected-ion chromatogram for gas chromatographic, negative-ion electron-capture ionization mass spectrometric de termination of eicosanoid levels from in vivo microdialysis perfusate of rat striatum. The example is for perfusate collected in the second hour of the experiment. Each trace was individually normalized, and relative peak heights for each trace are presented for comparison. Quantification was based on peak areas, with values presented as concentrations found in the 1-h sample (120 fLl). The major isomer of prostaglandin (PG) D2 and PGE2 was used for quantification, as indicated. Tx, thromboxane.
recovered from the area of the damage in the first hour of sampling compared with later sampling times. The observation that higher levels of PGD2, PGF2c<, and TxB2 are found initially is consistent with the notion that arachidonic acid is rapidly re leased as a result of the tissue damage and metab olized to these specific eicosanoids. Furthermore, a significant increase in levels of PGE2 in the sixth hour of the experiment compared with earlier time points suggests that a selective production of this eicosanoid may occur as the damage process pro ceeds.
It is of note that 6-keto-PGF1a, the metabolite of prostacyclin that is produced primarily in vascular endothelial cells (Abdel-Halim et al., 1980) , re mained at a stable level throughout the experiment.
The blood-brain barrier was presumably damaged upon insertion of the probe (Benveniste, 1989; Koenig et al., 1989) , leading to release and metab olism of arachidonic acid in the vasculature. If the 20.8 ± 3.5 14.7 ± 2.0 24.4 ± 8.2 22.2 ± 5.9 27.2 ± 9.6 24.5 ± 3.5 measured levels of 6-keto-PGF In were indicative of baseline brain extracellular prostacyclin concentra tions, these results suggest that prostacyclin pro duced in the endothelial cells following damage does not diffuse to the extracellular fluid of brain sampled by the dialysis probe. It remains to be de termined whether the observed eicosanoid re sponses to injury can be generalized to other brain regions.
Studies of eicosanoids in brain extracellular fluid for longer duration, or the study of any stimulatory production of eicosanoids, will require a conscious animal model, allowing sampling following recov ery from initial damage caused by the microdialysis probe. In conclusion, brain eicosanoids can be sam pled from the extracellular fluid of brain by in vivo microdialysis probes. The technique may provide a means for spatial-and time-resolved studies of brain eicosanoids following acute penetration in jury.
